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Low-temperature magnetic structures of an [Fe/Gd];s multilayer are determined using the resonant X-ray magnetic scattering
technique at a synchrotron source. The difference intensities of specular Bragg reflections observed by flipping the helicity of
circularly polarized probing X-rays of energy close to the L3 absorption edge of Gd show that the multilayer is in the Gd-
aligned state with the magnetic moments of the Gd layers oriented parallel to the applied in-plane field at H = 0.5kOe,
T = 10K. This transforms into the twisted state with canted Gd moments by raising field strength H and/or temperature 7. In
the twisted state, the Gd moments at the interfaces and the core of the Gd layers show distinctive canting angles. Temperature

and field-dependent in-plane rotations of local Gd moments have been visualized.
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1. Introduction

Fe/Gd multilayers are thin films of 3d-4f systems
showing intriguing magnetic structures that depend on
temperature 7 and the strength H of an externally applied
field. Camely and co-workers calculated (H, T) phase
diagrams for Fe/Gd, which show the so-called Fe-aligned
state, twisted state and Gd-aligned state.'™ In the aligned
states, the magnetic moments of Fe and Gd layers line up
with the applied in-plane field, whereas they are canted from
the field direction in the twisted states. The three states
originate in the significantly different magnetic properties of
Fe and Gd, and the phase change in idealized systems is
understood in terms of the competition between the Zeeman
energy and the exchange interaction energy.'™ The
structural features of the three states were evidenced in
experiments using the magnetization measurement,*
magnetoresistance,*® Mossbauer spectroscopy,” neutron
diffraction,>” and X-ray magnetic circular dichroism
(XMCD)'*'? techniques. In the previous paper,'” we
showed that spin configurations in real multilayers are much
more complicated than originally conceived. We used the
resonant X-ray magnetic scattering (RXMS) technique, of
which element specificity allowed us to separately determine
the Fe and Gd structures in an [Fe(3.5 nm)/Gd(5.4 nm)];s
multilayer. The spin structures in the Gd layers are
remarkably nonuniform along the out-of-plane direction. In
an in-plane field of 2.4 kOe, Gd sublayers at the Fe interfaces
are almost completely magnetized in the entire temperature
range studied (140K <7 <300K), whereas the core
sublayers show spontaneous magnetizations proportional to
1 —(T/T,) with T, = 214K, suggesting a reduced Curie
temperature for the thin Gd layers (7, = 292 K for bulk Gd).
The magnetic structure of this sample is Fe-aligned for
180 K< 7T <300K and twisted for 140K <7 < 160K.
We observed highly nonuniform canting angles of sublayer
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Gd moments along the out-of-plane direction in the twisted
state. The interface moments appear to be constrained by the
antiferromagnetic exchange interaction with the Fe mo-
ments, whereas the core moments are freer to rotate in the
in-plane direction. A simple picture of uniformly twisted
moments does not apply to the twisted states of real Fe/Gd
multilayers.

In this study, we extend the investigation to lower
temperatures. The Gd-aligned state occurs in a low external
magnetic field at 7 < Teomp, the compensation temperature,
where the total Gd moment becomes greater than the total Fe
moment and parallel Gd moments are favored because of the
low Zeeman energy.' ™ At low temperatures, Gd shows a
non-negligible magnetic anisotropy due to crystal-field
effects and this complicates the magnetic structures of the
Gd-aligned state in real systems. The energy calculation
schemes formulated by Camley and co-workers'™ do not
take into account the anisotropy energy. When this energy
occupies a significant fraction of the total magnetic energy
of the system, there is no distinct transition between the Gd-
aligned and twisted states on an atomic scale. The X-ray
magnetic scattering data to be discussed in this paper have
been presented in ref. 14, with a brief description of the
experiment. We give a more complete description in this
paper (§2) and analyze the data to discuss the magnetic
structures of Fe/Gd at low temperatures (§3 and §4). Section
5 contains the conclusion.

2. Experiment and Results

The sample [Fe/Gd];s multilayer film was grown in the
same ultrahigh-vacuum molecular-beam-epitaxy chamber
(3 x 107 Pa) as used for the previous sample.'® Fe and Gd
were deposited on a Si(111) substrate at room temperature at
the rate of 1.2-1.8nm min~!. The beam shutters were
controlled to alternately grow 3.5-nm-thick Fe and 5.0-nm-
thick Gd layers. The first grown layer is Gd and an Fe layer
terminates the multilayer. The same multilayer was grown
on a Kapton film for magnetization measurements in the
same deposition run as the X-ray sample. An X-ray
diffractometer scan on the prepared multilayer showed a
broad hcp Gd 0002 peak, indicative of a polycrystalline
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Fig. 1. Charge specular reflectivity profile of the [Fe/Gd];s sample

recorded with Cu Ko X-rays (circles). Solid line shows a fit.

structure of the Gd layers. This conforms to our expectation
that the structures of Fe and rare-earth films change from
amorphous to crystalline when the deposited thickness
exceeds ~2nm. This is consistent with the observation
made by Sajieddine er al.,” as well.

Figure 1 shows a charge X-ray specular reflectivity profile
for the sample, recorded at a Cu K« source. The four
pronounced peaks are superlattice Bragg reflections at
scattering angles 20 = 2sin~!'(nA/2A) (n = 1-4), where A
is the multilayer spacing and A is the X-ray wavelength. The
profile is well explained by the chemical structure
parameters listed in Table I. We assumed uniform electron
densities for the Fe and Gd layers with abrupt, rough
interfaces between them. Possible oxidation of the top Fe
layer was taken into account by postulating a chemical
composition of 50% Fe and 50% O for the surface oxide
layer. A least-squares profile fit gave fg. = 3.53nm and
tga = 4.85nm for the mean thicknesses of the Fe and Gd
layers, with densities pf, = 0.864 and py = 0.942 relative
to bulk bcc Fe and hep Gd, respectively (Table I). The Gd
layers have a slightly smaller thickness than in the previous
sample, whereas the Fe layers are of similar thickness.'”
The oxidation of the sample is likely to have stopped at
about one-half the thickness of the top Fe layer. This is
consistent with the observation by Shinjo et al.,' showing
that a 1-2nm surface layer is oxidized when an Fe film is
exposed to air and that the oxidation does not proceed into
deeper layers when the film is placed in a dry environment.
The root-mean-square roughness of the Fe/Gd and Gd/Fe
interfaces, which were assumed to be equally rough, is
OFe/Gd = 0GdFe = 0.67nm. The air/oxide and oxide/Fe
interfaces are much rougher. The good agreement of the
experimental and calculated specular profiles in Fig. 1 is
evidence that the postulated model adequately describes the
chemical structure of the sample.

RXMS data were collected at the Gd L3 absorption edge
on the 1-ID beamline of Advanced Photon Source, Argonne
National Laboratory, U.S.A. The [Fe/Gd];s multilayer
sample, 4 x 4 x 0.6mm in size, was placed in the air gap
of a permanent magnet. Spacer plates introduced between
the permanent magnet and the iron pole pieces allowed fields
of 0.5 and 5 kOe to be applied parallel to the sample surface.
The assembly was placed inside a Displex-type closed-
helium-cycle cryostat, which was mounted on a Huber four-
circle goniometer (Fig. 2). Using the vertical dispersion
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Table I. Chemical structure parameters for the [Fe/Gd];s multilayer
determined by least-squares fits of the X-ray reflectivity data. See text
for the symbols. The figures in the parentheses indicate the expected
standard deviations in units of the least-significant digit given.

Oairfoxide 1.73  (5)nm

Toxide 3.80 (10)nm

Ooxide/Fe 1.73  (§)nm

tiop Fe 1.81 (9)nm

Ire 3.53 (0)nm

tGd 4.85 (0)nm

OFe/Gds OGd/Fe 0.67 (2)nm

oGusi ¥ 0.22 (2)nm
P 0.864 (7)
PEa” 0.942(10)

a) r.m.s roughness at the bottom Gd-layer/substrate Si interface.
b) Densities relative to bulk materials.
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Fig. 2. The setup used to collect the resonant X-ray magnetic scattering
data (side view). The diamond phase shifter oscillates on a 45°-inclined
rotation axis to convert the plane polarized synchrotron X-rays into
circular polarized light of flipping helicity. The harmonics rejection
mirror eliminates the 1/3 component of the X-ray beam monochroma-
tized using a cryogenically cooled Si(111) double-crystal monochromator
(not shown). The permanent magnet placed inside the cryostat is not
shown. Intensity measurements are performed for fixed X-ray counts on
the monitor ion chamber (I.C.) placed behind the harmonics rejection
mirror.

geometry, we scanned the reciprocal space along the
specular rod while a 0.4-mm-thick diamond quarter-
wavelength plate oscillated across the 111 Bragg position
to flip the helicity of the circularly polarized transmitted
beam between +1 and —1. The degree of circular
polarization of the beam is estimated to be P, &~ 0.92. More
than 10° photons were counted at each scan point around the
four superlattice Bragg peaks of the [Fe/Gd];s sample for
each polarization state of the probing X-rays. I (g.) data and
I~ (g,) data were thus obtained, where It and I~ are the
specular intensities measured with X-rays of helicity of the
sign same as and opposite to the sign of the in-plane field
applied on the sample, respectively.'® For instance, I is the
scattering intensity measured with +(—) field and probing
X-rays of +1(—1) helicity. Refer to ref. 13 for the definition
of the field sign. In an analogy to neutron scattering, one
may call the X-ray helicity the photon spin, which interacts
with electron spins, but this alias is misleading. It is the
orbital moment of the probed electrons that the X-ray
helicity interacts with and it is through the spin-orbit
interaction that /™ — I~ becomes spin sensitive. ¢, is the out-
of-plane momentum transfer, which equals 4 sin6/A in the
specular reflection geometry. We do not analyze the
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Fig. 3. Temperature and field-strength variation of the first, second, third
and fourth-order difference supelattice Bragg peaks observed from the
[Fe/Gd];s multilayer sample, normalized by the X-ray counts of the sum
intensities at the individual Bragg peaks. X-ray energy: 7244.5eV. (A)
For an applied in-plane field strength of 0.5 kOe and (B) for 5 kOe. (a) For
the ¢ = 0° configuration and (b) for the ¢ = 90° configuration. Open
circles: observed, solid line: simulated.

polarization of scattered X-rays. In this case, the difference
intensity I*(g,) — I (g,) is only sensitive to the parallel
magnetization of the resonating Gd layers, namely, the
component of the Gd magnetic moment parallel to the
dispersion plane defined by k and K/, the wave vectors of the
incoming and outgoing X-rays.'” Nonresonant magnetic
scattering from the Fe layers is much weaker than the
resonance enhanced Gd scattering and can be ignored.
Specular scans were carried out in two azimuthal orienta-
tions of the sample, ¢ = 0° and 90° (see Fig. 3 of ref. 13),
realized by rotating the whole cryostat on the goniometer
around the surface normal of the sample. In the ¢ = 0° and
90° configurations, the applied field is parallel and
perpendicular to the dispersion plane, and hence the in-line
and perpendicular components of the in-plane Gd magne-
tization are probed, respectively.

We followed the procedure described in ref. 13 to fix the
X-ray energy at 7244.5eV, 1.0eV below the peak of the X-
ray magnetic circular dichroic (XMCD) absorption spectrum
at the Gd L; edge. The XMCD data were used to evaluate
the real and imaginary parts of the resonant magnetic
scattering factors of Gd,'” g/, and g’ : g/, = —0.0624 and
gn =0.108 in electron units. The anomalous dispersion
corrections for the Gd charge scattering factor, f(Gd) and
fI'(Gd), were derived from the measured nonmagnetic
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Fig. 4. Effects of rotated magnetic moments in zero (a), one (b, ), two (c,
f) and three (d, g) surface Gd layers of the [Fe/Gd];s multilayer in the Gd-
aligned state. (a)—(d) for the ¢ = 0 configuration and (e)—(g) for the
¢: 90° conﬁguration. (mH,l,m"'z,mH,g,mM,...,mH,l5) = (1,1, 1, 1,
..., 1) for (a), (0,1,1,1,...,1) for (b), (0,1/2,1,1,...,1) for (c), and
0,1/3,2/3,1,...,1) for (d); (myi,mip,mi3,mig,...,miis)=
(1,0,0,0,...,0) for (e), (1,4/3/2,0,0,...,0) for (f), and
(1,+/8/3,4/5/3,0, . ..,0) for (). Compare with the observed Bragg peak
profiles for 7= 10K in Fig. 3B.

absorption curve of a Gd foil. For further details of the

experiment, readers are encouraged to refer to the previous
13)

paper.

Figure 3 shows the difference specular intensities divided
by the sum intensities at the individual Bragg peaks,
(I —=I")/(I" + I )pyage» for the first, second, third, and
fourth-order superlattice Bragg reflections (g, = 2nmw/A,
n = 1-4), measured at temperatures 7 = 300, 150, 100,
and 10K and applied in-plane fields H = 0.5 (Fig. 3A) and
5kOe (Fig. 3B). These are the same data as presented in
Figs. 4 and 5 of ref. 14. Difference intensity It — 1~
represents the interference of the resonant magnetic scatter-
ing from the Gd layers and the charge scattering from the
entire multilayer, whereas sum intensity /T + 1~ is due
to the Thomson charge scattering from the entire multi-
layer."® Flipping ratio R = (IT —I7)/(I" +1~) may be
taken as the structure amplitude of the magnetic scattering
divided by that of the charge scattering. In the left panel of
Fig. 3(a) (¢ = 0°), the X-ray dispersion plane is parallel to
the in-plane field, while it is perpendicular in the right panel
of Fig. 3(b) (¢ = 90°). We checked the invariability of the
I™ — I~ signal on a 180° rotation of the applied-field
direction around the sample surface normal. [T — 1~
remained unchanged within 10% by ¢ = 0° — 180° and
by ¢ = 90° — 270°."” This ensures a proper measurement
of the magnetic-charge interference scattering. In failed
experiments, I and/or I~ are often biased and It — I~ does
not show the expected invariability upon a reversal of the
field direction.”” The scattering profiles in Fig. 3 are
featured by the even-order Bragg peaks changing the signs
at certain temperatures 7 in the ¢ = 0° configuration [Figs.
3A(a) and 3B(a)]. This indicates significant changes take
place in the in-line magnetic structures of the Gd layers at
these temperatures. Another feature noted is the all-negative
Bragg peaks observed in the ¢ = 90° configuration at
T < 100K, H = 5kOe [Fig. 3B(b)]. Taken together with
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Fig. 5. Model magnetization depth profiles for the Gd layers. A
4.85-nm-thick Gd layer is divided into 36 sublayers p to fit the
normalized difference Bragg peak profiles shown in Fig. 3. (A) For
applied in-plane field strength H = 0.5 kOe and (B) for 5kOe. (a) For the
¢ = 0 configuration and (b) for the ¢ = 90° configuration. The applied
field H is directed upward in (a) and out of the page in (b) as indicated in
the figure.

the finite signals in the ¢ = 0° configuration [Fig. 3B(a)],
this immediately indicates twisted Gd moments even at
T = 10K, as pointed out in ref. 14.

3. Magnetic Structures of the Gd Layers at Low
Temperatures

We proposed in the previous paper'” a formula to
calculate the magnetic specular reflectivity of multilayers for
circularly polarized probing X-rays. The formula, including
dynamical effects and the polarization mixing, allows us to
calculate (I —I7)/(I" + 1" )pag, as a function of ¢ for a
given model M(Z), where M(Z) is the depth profile of in-
plane magnetization for the sample under investigation.
Only the resonating atoms, Gd in the present case, are
pertinent to M(Z). Independent fits to the (I —I7)/(I" +
17 )Brage data collected in the ¢ = 0° and 90° configurations
determine M (Z) and M | (Z) respectively, where M| and M |
are the components of M in line with and perpendicular to
the applied in-plane field, respectively. The ratio of the two
components, M| (Z)/M(Z), gives in-plane twist angle ¥/(Z)
of local moment M at depth Z.

In an attempt to fit the data of Fig. 3, we first tested simple
models assuming an identical magnetization depth profile
m(z) for the fifteen Gd layers in the sample, where z is the
out-of-plane coordinate within a Gd layer. Namely, we
assumed m;(z) = m(z) for j = 1-15, where m;(z) is the
magnetization depth profile for the jth Gd layer and
M(zZ) = ZJ. m;(z + Zy;). Note that m;(z) is the local in-plane
magnetization vector at depth z. my j(z) and m, ;(z) are its
components parallel and perpendicular to the applied-field
direction, respectively. Figure 4(a) shows the (/T —17)/
(I'" 4 I" )pyag, profile calculated from one of the models that
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fits quite well the data for 7T = 10K in Fig. 3B(a) (¢ = 0°,
H = 5kOe; the bottom-left profile), except on the low-26
flank of the first Bragg peak, where there is a significant
discrepancy. While the observed signal falls to zero and
swings somewhat to the positive side at 20~ 1°
[g. ~ 0.6nm~! in Fig. 3B(a)], the calculated profile shows
a negative plateau [Fig. 4(a)]. This plateau is suppressed in
models where a few Gd layers close to the multilayer surface
have smaller in-line magnetizations m’s than the deeper
layers. Profiles (b), (c) and (d) are calculated assuming
(mHJ,m||,2,m||,3,mH,4, e ,mHJS) = (O, 1, 1, 1, ey 1), (O, 1/2,
1,1,..., 1) and (0,1/3,2/3,1,...,1), respectively. In these
models, the near-surface Gd layers contribute fully to
I™ 4+ I~, but make no or smaller contributions to I — I~
of the ¢ = 0° configuration than the Gd layers located deep
in the multilayer. A magnetically dead surface layer
suppresses IT — I~ more strongly at lower 26 because of
the strong X-ray absorption. A comparison of the profiles in
Fig. 4 with the data in Fig. 3B(a) (T = 10K) indicates that
the (0,1/2,1,1,...,1) model [profile (c)] gives a slightly
better fit than the other two. Two possible origins of the
reduced in-line magnetizations in the near-surface Gd layers
are (i) in-plane rotation of the moments away from the in-
line orientation and (ii) demagnetization due to the surface
oxidation. If (i) is the case, we have m, ; = [1 — (m”,j)z]l/2
and the corresponding perpendicular magnetizations are
(my,myo,my3,myga,....,mys5)=(1,0,0,0,...,0),
(1,4/3/2,0,0,...,0) and (1,4/8/3,4/5/3,0,...,0), which
give scattering profiles (e), (f) and (g), respectively (Fig. 4).
All these show negative falloffs at 20 &~ 1°, which are absent
in the data in Fig. 3B(b) for H = 5kOe, T = 10K (¢ = 90°;
the bottom-right profile). It is thus necessary to assume
reduced perpendicular magnetizations in near-surface Gd
layers to account for the specular reflectivity profiles
observed in the ¢ = 90° configuration. This makes (i)
unlikely and favors (ii) for the origin of the reduced in-line
magnetizations.

The solid lines in Fig. 3 show the Bragg-peak profiles
calculated from the model assuming (jm;[, |my|, [mj3]|,
..., mys|) =(0,1/2,1,...,1), which features the nonmag-
netic outermost Gd layer and the half-demagnetized second
layer. Figure 5 shows the magnetization profiles, m(z) and
m,(z), used to calculate the solid lines in Fig. 3. The
calculation used the chemical structure parameters given in
Table I, with 0 = 0 assumed for all interfaces. To avoid
confusion, we stress that all fifteen Gd layers in this model
have m(z) of identical shape, except in the top layer for
which m(z) = 0, with my(z) = (1/2)m;(z) for j = 3-15 at
all z.

Figure 5 shows my(z) and m (z) in histograms of Sl'l and
S,J;, scaled magnetizations for sublayer p. For the scaling
factor, see ref. 13. We divided a 4.85-nm-thick Gd layer into
thirty-six sublayers of equal thickness. The Fe/Gd interfaces
are located at the outer boundaries of columns p = 1 and 36.
The molecular field of the Fe layers induces magnetizations
in the Gd layers through the antiferromagnetic Fe-Gd
exchange coupling, which are maximum at the interfaces
and decay towards the cores of the Gd layers. To take this
into account, we assumed, in ref. 13, a symmetric profile
a+ blexp(—p/t) + exp{—(36 — p)/7}] for S} and S, where
the first and second terms represent spontaneous and induced
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magnetizations, respectively. We employ the same model
here. b is nonzero in Sﬁ and/or S; in the temperature range
studied here, which is well below the Curie temperature of
Fe (T.=1043K for bulk bcc Fe). We determined
parameters a, b, and 7 so that the calculated (I — I7)/(I" +
17 )Brage profiles agree with the observed ones individually.
The negative Sﬂ values in Fig. 5 indicate in-line Gd
magnetization components directed antiparallel to the
applied field. The profiles for 7 = 300K show that the
cores of the Gd layers are paramagnetic with no spontaneous
magnetization. We only see the induced negative Sl”, at the Fe
interfaces. Clearly, the [Fe/Gd];s multilayer is in the Fe-
aligned state at 300 K, with the Fe and induced Gd moments
directed parallel and antiparallel to the applied field,
respectively, at H = 0.5 and 5kOe. When cooled to 150K,
the Gd layers become ferromagnetic (7. &~ 210K; see §1),
keeping the in-line magnetizations antiparallel to the field.
On further cooling, Slﬂ changes the sign between 7' = 150
and 100K at H = 0.5kOe (Fig. 5A) and between 100 and
10K at H = 5kOe (Fig. 5B). The in-line components of the
Gd moments switch the direction from antiparallel to
parallel. As for the perpendicular components, we note Sj ~
0 at T < 100K in Fig. 5A(b) for H = 0.5kOe except in
sublayers close to the Fe interfaces. In contrast, we see finite
S,J; throughout the Gd layer at 7 < 150K in Fig. 5B(b) for
H = 5kOe. The agreement of the calculated profiles with
the data for the ¢ = 90° configuration [Figs. 3A(b) and
3B(b)] is generally good, even though it is not as good as in
Figs. 3A(a) and 3B(a).

Three-dimensional representations of m(z) show growing
spontaneous Gd magnetizations in the layer cores with
decreasing temperature (Fig. 6). On the other hand, the size
of the induced Gd magnetizations at the Fe interfaces is
virtually independent of temperature and external-field
strength. Surprisingly, the induced magnetizations almost
disappear at T < 100K in Fig. 6B, while in Fig. 6A they are
large at temperatures down to 7 = 10 K. Figure 6 illustrates
how the spontaneous and induced magnetizations perform
in-plane rotations as a function of temperature for the field
strengths of H = 0.5kOe (Fig. 6A) and 5kOe (Fig. 6B). At
T =150 and 100K, the canting angles of the induced
moments markedly differ from those of the core moments.
At H = 5kOe, the core moments are in the nine-o’clock
position from the applied-field direction when viewed from
the top surface. We believe that the sign of twist angle v is
determined by the small transverse field of the permanent
magnet.'® This is to say that when twisting is to occur by the
competition of the Zeeman energy and the exchange
interaction energy, the Fe—-Gd moment pairs rotate either
clockwise or anticlockwise with an equal probability unless
biased by the transverse field. The transverse field also
explains the small Bragg peaks observed in the ¢ = 90°
configuration at 7 = 300 K [Figs. 3A(b) and 3B(b)].

At H = 0.5kOe, the core Gd moments are slightly twisted
at T = 150K, which become parallel to the applied field at
T < 100K to form the Gd-aligned structure at 7 = 10K
(Fig. 6A). This is contrasted by the case of H = 5kOe, in
which the Gd magnetizations are twisted once the Gd layers
become ferromagnetic (7, &~ 210K) and are never parallel to
the field. The missing large interface magnetization at
T < 100K (Fig. 6B) deserves a special discussion.
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(A) H = 0.5 kOe
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H
-

Fig. 6. 3D representations of the magnetic structures of the Gd layers in
the [Fe/Gd];s multilayer at 300, 150, 100 and 10K, composed from
Fig. 5. (A) For applied in-plane field strength H = 0.5kOe and (B) for
5kOe. Arrows show the sizes and orientations of sublayer Gd
magnetization vectors. The large disks in the top and bottom levels of
the ‘drums’ represent the induced magnetizations at the Fe interface. H
indicates the applied in-plane field direction. The vertical axes are along
the out-of-plane direction and the multilayer surface is located towards
the top of the diagrams.
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Fig. 7. Approximate magnetic phase diagram for the [Fe/Gd];s multi-
layer. The closed circles show the points at which the X-ray magnetic
scattering data were collected. FA: Fe-aligned state, T: twisted state, and
GA: Gd-aligned state. The open circles are the plots of the inflection
fields Hj,¢ observed in the M(H) curves (inset).

4. Discussion

4.1 Phase diagram

The structure information obtained in §3 is summarized in
the (H, T) phase diagram of Fig. 7, where the broken line
shows an approximate phase boundary between the twisted
state and the Gd-aligned state. We cannot determine the
exact boundary location solely from the data represented by
the closed circles. The solid line shows the Fe-align/twist
phase boundary, estimated from macroscopic magnetization
measurements. The open circles are the plots of inflection
fields Hi,s in the magnetization-versus-applied-field curves
of the [Fe/Gd];s multilayer, observed at T = 140-220K.
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Fig. 8. Magnetization-versus-applied-field curves, M(H), of the [Fe/Gd];s

multilayer measured at 7 = 10, 40, 120 and 180 K. Data points shown by
solid circles were obtained by increasing the external in-plane field
H = 0 — 50kOe, whereas open circles are the data points obtained with
decreasing field H = 50 — 0kOe.

The M(H) curves, measured with a superconducting
quantum interference device (SQUID) magnetometer,
showed rapid initial increases, followed by slower rises of
which the rates slightly increased beyond H = Hj, (inset in
Fig. 7; see also Fig. 8).?" The magnetic structure derived in
§3 is consistent with the expectation from the M(H) curves
that the [Fe(3.5nm)/Gd(4.9 nm)];s multilayer is Fe-aligned
below the solid line and twisted above, except at (0.5 kOe,
150K).

It turns out that in Fig. 7, (5kOe, 150K) and (5kOe,
100K) are located deep in the twisted regime, where the
core magnetic moments in the Gd layers are oriented
perpendicular to the applied field, as pointed out in §3.
Similar perpendicular Gd moments were found in our
previous sample at H =2.4kOe, T = 140K.'"” These
moments rotate towards either the parallel or antiparallel
orientation as one approaches the phase boundary, but the
magnetic structures near the phase boundaries may not be
simple. The small negative Sj seen at H = 0.5kOe,
T =150K in Fig. 5SA(b) can be a manifestation of a
complicated structure.

We speculate that the Gd layers in our sample include
domains with easy magnetization axes broadly away from
the mean magnetization direction that is parallel to the
applied field in the Gd-aligned state. Energy calculations on
model single-domain Gd layers demonstrate that H* =~ 0
when the easy magnetization axis is perpendicular to the
field, whereas H* ~ 5kOe at T = 10 K when the easy axis is
parallel to the field, where H* is the critical field for the Gd-
align/twist phase transition.

We grew [Fe/Gd];s multilayers with varying Fe and Gd
layer thicknesses on cooled silicon substrates at 220-150 K,
some of which showed inflections in the macroscopic M(H)
curves measured at T < Tcomp. These samples exhibit,
however, fewer Bragg peaks than the one shown in Fig. 1.
A weak magnetic anisotropy at low temperatures and a high
multilayer order appear to be hardly compatible require-
ments. The sample we investigated in this paper showed no
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Table II. In-line (Mf”j and Mfie) and perpendicular (Mfd) magnetizations
for the four temperatures 7, calculated from the RXMS data, 3, S,‘,‘ and
Zp Slf obtained in Fig. 5B (H = 5kOe), and the measured magnetization
M° for the [Fe/Gd];s multilayer. MG is the magnetization size of the Gd
layer. All magnetizations are in units of emu cm™> (per unit volume of the
[Fe/Gd];s multilayer).

TK Y8 XS M oMt M MO M
300 —23.464 0000 408.1 -2252 00 2252 6333
150 23464 13742 2849 -—2252 1319 261.0 510.1
100 —11.732 37287 289.4 —112.6 3579 3752 4020

10 68.708 27483 337.6 6594 2638 7102 —321.8

hint of the Gd-align — twist transition in the M(H) curves
for T < Teomp (*120K), as seen in Fig. 8.

4.2 Comparison with magnetization measurement

Table I lists ), S} and )_, S, calculated from the
magnetization maps in Fig. 5B (H = 5kOe) for the four
temperatures 7 =0, 50, 150 and 300K. An M(H) curve
measured at 7 = 300K shows a magnetization 408.1 emu
cm™? (per unit volume of the [Fe/Gd];s sample) at
H = 5kOe. This value, listed as M°" in Table II, is derived
with the use of fpe = 3.53nm and 7G4 = 4.85nm given in
Table I. M°™ is the sample magnetization in line with the
applied field. Assume 2.2up and 7.55up for the size of the
atomic moments of Fe and Gd, respectively, and apply the
layer thickness and density values in Table I to bcc Fe and
hep Gd. We then have 633.3 and 1155.8emu cm ™ for the
saturation magnetizations of the Fe and Gd layers, M’ and
M5, respectively. The high Curie temperature of Fe assures
that the Fe layers fully magnetize at all temperatures studied
in this work. We can safely assume M™ = M, where M
is the actual magnetization size of the Fe layers. At
T = 300K, the multilayer is in the Fe-aligned state with
antiparallel Fe and Gd moments collinear with the applied
field. The Gd layers should be responsible for a magnetiza-
tion M — M = —2252emu cm™ in the field direction
(shown under Mﬁ}d in Table II). The negative value is
consistent with the Gd moments directed opposite to the
applied field. This provides a scaling factor (M°*—
MFe)/ 2 S}l = (—225.2)/(—23.464) = 9.589 to calculate
MP¢ and MP¢ from Y7 S} and ) S for the other
temperatures, respectively. Here Mﬁdp and M?_d are the
actual in-line and perpendicular Gd magnetizations per unit
volume of the multilayer, respectively. The results are
indicated in the fifth and sixth columns of Table II. The
magnetization size of the Gd layers, MY, is given by
[(Mfd)2 + (M$%)21'/2 (listed in the seventh column). The last
column shows Mﬁe, the in-line Fe magnetizations calculated
from M‘F e = M — Mﬁ’d using the thus obtained Mﬁ}d and
the M°® values indicated [see Fig. 8 for the M(H) curves].
At T =300K, we have M}® = M™ since the Fe moments
are parallel to the field. Note that Mﬁe decreases with
decreasing T in Table II. This indicates that the Fe moments
rotate by an increasing angle away from the field direction. It
is a good approximation to assume that the Fe layers
uniformly magnetize because of the large molecular-field
constant Ap. e compared with Ap.gq and Agggs. MSY is
greater than M™ (= 633.3emu cm~3) only at 7 = 10K in
Table II. In a low or moderate applied field, we expect that
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M[® > 0 and M{* < 0 when M™ > M% and that Mf* < 0
and Mﬁ}d >0 when M < MS. These are preferred
configurations of the antiferromagnetically coupled Fe and
Gd moments: the Zeeman energy is lower than in the
opposite configurations. The signs and relative magnitudes
of the various M’s in Table II well match the expectation,
providing evidence of the consistency of the X-ray data for
H = 5kOe with the macroscopic magnetization measure-
ment. A similar but slightly degraded consistency is found in
the X-ray data for H = 0.5 kOe.

Raw magnetization data are sensitive to trace magnetic
impurities in a substrate material, which often has a volume
much greater than the multilayer. This explains why we used
the [Fe/Gd];s sample grown on a 12.5-pum-thick Kapton film
for magnetization studies, instead of the [Fe/Gd];s on a
silicon substrate. The above-described consistency of the X-
ray and magnetization data is proof that the multilayers
grown on the silicon and Kapton substrates have similar
magnetic properties.

The X-ray data is not free from problems, however. The
most serious one is the size of the Gd moments in the
interface sublayers. Applying the above-derived scaling
factor to the sublayers, we find 9up for interface Gd atoms.
Another problem is the Gd magnetization at 7 = 10K.
Table II shows MSY4 = 710.2 emu cm™—3, which is only 60%
of MS9, even though the Gd layers must be magnetically
saturated at this low temperature. The reduced Gd
magnetization is obvious in Fig. 6, where the interface
sublayers have nearly full magnetizations induced by the
molecular field of adjacent Fe layers. At T = 10K, the radii
of the ‘drums’ at the symmetry points (i.e., layer cores) are
no greater than 60-70% of those of the large disks at the top
and bottom that represent the induced magnetizations. Gd
magnetizations reduced by 20-30% were found previously
by other groups.*”??** The deficient magnetization may
be due to the multidomain structure in the Gd layers.

MI}I:e = —321.8emu cm 3 for 7 = 10K in Table II, when
MFe = 633.3emu cm™3, suggests that the Fe moments form
+120° angles with the applied-field direction, i.e.,
| cos ¥| = 0.5. In view of the orientation of the Gd moments
in Fig. 6B, we infer that the Fe and Gd moments are nearly
antiparallel at (5 kOe, 10 K). This is an energetically favored
configuration of the antiferromagneticaly coupled Fe and Gd
moments at the interfaces. A resonant X-ray magnetic
scattering experiment at the Fe edge would enable verifica-
tion of this inference.

The M(H) curves recorded at 7 < 100 K show significant
hysteresis in low-H regions (see Fig. 8), indicative of the
magnetic anisotropy of the Gd layers. Correspondingly, we
observed distinct X-ray magnetic scattering profiles on
increasing 7' and decreasing 7. The data in Fig. 3 were
collected from the sample cooled in a fixed field of the
permanent magnet, which would have the stable structures
of low Zeeman energy, accomplished by decreasing H at
fixed T. Figure 9 shows the temperature variations of sample
magnetization M(T) for H = 0.5 and 5kOe, derived from
the M(H) curves measured at various temperatures including
those shown in Fig. 8. Magnetizations observed with
increasing H (0 — 50kOe: H,,) and decreasing H
(50 — 0kOe: Hgown) are shown by solid and open symbols,
respectively. The distinct magnetizations for Hyp and Haown,
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Fig. 9. M(T) curves for H= 0.5 (circles) and 5kOe (squares) derived
from the M(H) curves measured at various temperatures. Solid symbols:
data points obtained from the M(H) curves measured by increasing the
external in-plane field H = 0 — 50kOe (Hyp), open symbols: data points
obtained from those measured with decreasing field H = 50 — 0kOe
(Hgown). The three short horizontal lines indicate the calculated
magnetization  levels  for MY — M, 0.7MS — M and
0.65M5 — MFe, where MS® and M'™ are the saturation magnetizations
for the Gd and Fe layers, respectively.

which are pronounced at 7 < 100K for H = 0.5kOe in
Fig. 9, are due to the magnetic anisotropy of the Gd layers.

Support for the distinctive magnetic structures at (0.5 kOe,
10K) and (5kOe, 10K) is found in the macroscopic
magnetization data. Figure 9 shows M°* = 161.0emu
cm ™ at Hypws = 0.5kOe, which is close to 0.7M5¢ — MFe
(= 175.8 emu cm ™). The factor 0.7 is of the same nature as
discussed above. Similarly, M =337 6emu cm™> at
Hgown = 5kOe, which is twice as large as the value at
H = 0.5kOe. This suggests that the multilayer is not in the
same state at (0.5kOe, 10K) and (5kOe, 10K).

4.3  Magnetic structure of the Gd-aligned state

Spin configurations in polycrystalline Fe/Gd multilayers
can be complicated ones at low temperatures, where Gd
layers show significant magnetic anisotropy. Let the local
moment of a Gd magnetic domain be m%(z), of which
orientation may vary from one domain to another. One may
average such m%4(z)’s at each depth level z to consider mean
vector m“‘(z). The Gd-aligned state is defined when m°(z)
has no component perpendicular to the applied field, i.e,
m$4(z) = 0 at all z. This is the original notion of the Gd-
aligned state."™ Alternatively, one may extend the original
notion to define the Gd-aligned state when the orientation of
ﬁlGd(z) is independent of z, i.e., n’ﬁd(z) /ﬂzﬁd(z) = constant.
In the second definition, the Gd-aligned state does not
require the common ﬁlGd(z) direction to be parallel to the
external applied field. This is a twisted state according to the
original definition by Camley and others,'™ which pre-
sumes isotropic Gd layers. The first definition of the Gd-
aligned state may apply to Fe/Gd multilayers of random
anisotropy, whereas the Gd-aligned state of the second
definition can be produced in Fe/Gd multilayers with
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uniaxial anisotropy. In either definition, judgement between
the Gd-aligned and twisted states requires information on
perpendicular magnetization m$9(z), which cannot be known
in macroscopic magnetization measurements. Our sample
shows M ~ 0.7M5¢ — M¥ at H = 0.5kOe and T = 10K
in Fig. 9. Is this a Gd-aligned state of the first definition,
Jo& mSY(2)dz ~ 0.7MS¢ and m$%(z) = 0, or the one of the
second definition, |; lad nﬁﬁ"d(z)dz < ME and m$4(z)#0? We
have put m%¢ = |m 4| here. The X-ray results in Figs. 5 and
6 show that our Fe/Gd sample is in the Gd-aligned state of
the first definition at H = 0.5kQOe, T = 10K.

Macroscopic magnetization measurements for Fe/Gd
samples provide no direct information on the perpendicular
components of Fe and Gd magnetizations. This is also the
case with XMCD measurements even though XMCD can
separately probe the parallel magnetizations of Fe and Gd
layers by tuning the X-ray energy close to the absorption
edges. Our Fe/Gd multilayer shows a large increase in
magnetization when the external field H is increased from
0.5 to 5kOe at T = 10K (Fig. 9). With this observation
only, one cannot tell whether the increased magnetization is
due to a transition from the Gd-aligned state to the twisted
state, with a concomitant increase in Mﬁ ¢, of the first
definition or the sample remains Gd-aligned at H = 0.5 and
5kOe, but with varied féa" nﬁﬁ}d(z)dz. The X-ray results in
Figs. 5 and 6 clearly show that the former is the case in our
sample.

4.4 Induced magnetization, surface oxidation and interface
roughness

The virtual disappearance of induced interface Gd
magnetizations at H = 5kOe, T < 100K (Fig. 6B) is not
well understood. It may be a combined effect of the domain
structure and the magnetic anisotropy of the Gd layers. We
suspect alternatively interface magnetic roughness, which
may depend upon the bulk magnetization of the Gd layers
and somehow decrease the induced magnetizations.

We assumed a 50% Fe-50% O composition for the
surface oxide layer in our sample. °’Fe Mdssbauer
studies'>** report, however, that the hyperfine field around
Fe nuclei in naturally formed surface oxides on Fe films is
close to the one in bulk y-Fe,O3;. We assumed the y-Fe;O3
composition for the oxide layer in our sample, but the fit in
Fig. 1 marginally improved. The oxidation of the top Fe
layer somehow affected the magnetizations of the top and
second Gd layers in our sample. The origin of the
magnetically dead surface Gd layers remains to be
elucidated.

The effect of interface roughness on X-ray reflectivity
profiles is to add an extra decay term exp(—ozqg). We have
two relevant o’s in the resonant magnetic scattering, o.. and
Ome- The former affects the charge scattering /™ + I, while
the latter influences the magnetic-charge interference
scattering /T — I~. Recent X-ray magnetic diffuse-scattering
experiments show that the charge and magnetic interfaces in
multilayers have distinct roughness structures.”>>® All
simulations of X-ray magnetic reflectivity profiles in this
work postulate ideally smooth interfaces, i.e., Oce = Ope =
0. Even though this assumption may be justified at small g,
a formulation of X-ray magnetic reflectivity from multi-
layers with rough interfaces is required for further studies.
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5. Concluding Remarks

Using the element-specific RXMS technique, we have
determined the magnetic structures of the Gd layers in an Fe/
Gd multilayer at low temperatures, providing evidence for
the first time that the Gd moments line up with the applied
in-plane field everywhere in the films at H = 0.5kOe,
T = 10K. This transforms into twisted structures with
increasing H and/or T. The quality of our X-ray data is
not sufficiently high to allow us to determine which of the
so-called surface-twisted model and the bulk-twisted
model'™ better fits the data for H = 5 kOe, T = 10K. We
have shown that the induced large Gd moments at the Fe
interfaces show markedly different in-plane canting angles
from the core moments, suggesting the constraint by the Fe
moments through the Fe—Gd exchange coupling.?® It should
be noted that this type of magnetic structure cannot be
derived using the molecular-field theory. Our X-ray data is
consistent with the macroscopic magnetization measure-
ment, which enabled the sizes of local moments to be placed
on the absolute scale. A simplified single-domain model fits
the X-ray data quite well. Multidomain models and an
explicit inclusion of the magnetic anisotropy of the Gd
layers would improve the fit, providing information on the
unexplained or not well explained aspects of the structures
described in this paper, such as the disappearance of the
induced interface Gd magnetizations and the unphysically
large interface Gd moments. The resonant X-ray magnetic
scattering at the L3 edge probes the magnetism of the Gd 5d
band via the electric dipole transition 2p3;, — 5d of core
electrons. The spin polarization of the 5d band is induced by
the strongly polarized 4f band through the 4f-5d exchange
coupling. It is unclear whether or not we can generally
discuss the 4f magnetism in terms of the 54 magnetism, but
the present work shows that the 5d polarization well
represents the magnetization of the Gd layers in the Fe/Gd
multilayer. Finally, resonant X-ray magnetic scattering
experiments at the Fe K edge will explore the magnetic
structures of the Fe layers, which would tell the other half of
the story, allowing us to see the whole picture. Clearly, this
type of experiment is not feasible with element-nonspecific
neutron scattering.
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only if all magnetic moments in the sample become oppositely
directed upon field reversal. In samples with strong magnetic
anisotropy, all moments do not necessarily reverse the directions
when the reversing field is low in strength. This explains the preferred
use of the helicity-flip technique over the field reversal in magnetic
scattering (and spectroscopy) experiments where low fields are applied
on the sample.
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dipole-transition approximation. Iy /I is a few percents at the Gd L;
edge, as seen in Fig. 3. If It and/or I~ include experimental artifacts
greater than a few parts in 103, the two (IT — I7)’s measured before
and after a reversal of the applied-field direction do not agree within
10%.

In a simplified theoretical model, this behavior is explained as follows.
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H = H;ys, beyond which they rotate towards the field direction. So far
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antiparallel orientation, the magnetization along the field direction
increases and the M(H) curve rises. The Fe moments do not contribute
much to the magnetization along the field since they hardly change
their orientations because of the strong exchange coupling: the
molecular-field constant Ag, r. is much larger in value than Agggq and
Arecd. The size of atomic moments in ferromagnets is fixed by the
molecular field and is not increased by the applied field, because the
molecular field is much stronger than the applied field used in the
present work.
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